The SPT-100 thruster plume was simulated using two different methods: the combined particlein-cell technique with direct simulation Monte Carlo method and the particle-in-cell with the addition of Monte Carlo collisions method. The former method offers a more detailed description of the plume, taking into account the effect of ion-neutral collisions on neutral flow. This effect is ignored in the second method, but this method has much lower computational cost. To analyze the influence of uncertainties in plasma parameters at the thruster exit plane, the computations with different boundary conditions were performed. It is shown that the difference in results obtained by the two methods is significantly smaller than that caused by the uncertainty in flow parameters at the thruster exit plane.
INTRODUCTION
One of the main problems of Stationary Plasma Thrusters (SPT) application for propulsion purposes is the accurate prediction of contamination of the sensitive surfaces of the spacecraft. There are two major sources of contamination: direct impingement of fast propellant ions onto the surfaces and backflow current of slow ions caused by formation of a charge exchange (CEX) plasma. The fast ion flow in the core of the plume can be described even by a simple semi-empirical model very effectively (see, for example, [1] ). A much more detailed analysis of the SPT plume is required to predict the backflow current. In this case, some part of fast ions of the SPT plasma plume is scattered on neutral atoms of the propellant, which leads to appearance of slow ions. Under the action of an electric field, these ions move backwards and create the backflow current. The magnitude of this current should be correctly estimated to predict the level of contamination of the spacecraft surfaces.
The drawback of experimental investigation of the plasma surrounding the thruster is the impossibility of creating actual space conditions in ground-based facilities, since it is not possible to reach hard vacuum in a test chamber, and hence, an ambient gas is present there. It is known that the ambient gas has a considerable effect on the magnitude of the backflow current [2] . Therefore, extrapolation of experimental data to actual space conditions requires numerical simulation of the SPT thruster plume.
The combined the particle-in-cell technique with the direct simulation Monte Carlo (PIC-DSMC) method was used for simulation of SPT thruster plume flows in [2, 3] , which takes into account only ion-neutral collisions. However, application of this method for computing of the SPT thruster plume flows with taking into account ambient gas requires large computer resources. The reason is that the number density of the ambient gas is usually comparable with the density of the propellant neutrals at the thruster exit plane. Therefore, the number of model particles for the ambient gas is orders of magnitude greater than the number of model particles for ions and propellant neutrals. To overcome this difficulty, it was proposed in [3, 4] to consider the ambient gas as separate species with constant parameters.
In this aspect, it seems of interest to use the classic particle-in-cell with the addition of Monte Carlo collisions (PIC-MCC) method [5] for simulation of ions in SPT thruster plume. The DSMC method is preliminary used to calculate the propellant neutral plume taking into account the ambient gas. This approach also takes into account ion-neutral collisions, but in contrast to the PIC-DSMC method, the change in the neutral flow due to these collisions is ignored.
The main goals of the paper are the comparison of PIC-MCC and PIC-DSMC methods for modeling of plasma plume flows exhausted from SPT-100 and the study of the influence of thruster exit plane conditions on the CEX ion backflow. All the above-mentioned components interact with each other by means of the following processes: Coulomb interaction of charged particles, CEX collisions of ions with neutrals, elastic collisions of charged particles with neutrals, ionization and excitation of neutrals by an electron-neutral collisions. In addition, charged components of the plume interact with a self-consistent electric field E arising because of separation of charges in the plasma and with a magnetic field B generated by a thruster magnetic circuit. In the most general form, the motion of ions and neutrals is described by a system of kinetic equations for the distribution function r ,{T) of the feth species with a charge Z k (in electron charges e) and mass ra&:
PHYSICAL MODEL OF THE THRUSTER PLUME
where Stk is the collision integral. The distribution of the potential 0 of the electric field E = -V0 is determind from the solution of the Poisson equation
where n e and n& are the number densities of electrons and ions of the feth species. There are some important factors that affect simulation of ions and neutrals. 
RESULTS
Two codes based on the PIC-MCC and PIC-DSMC methods were developed. Comparison with numerical results of [3] is illustrated in Fig. 1 , which shows the calculated angular distribution of the ion current density under conditions corresponding to case 1. It is seen that PIC-MCC results and the PIC-DSMC results of [3] are in good agreement. Hence, the use of the PIC-MCC method for simulating SPT plumes taking into account the ambient gas allows one to obtain results with a reasonable accuracy rather fast. Figure 1 also shows the ambient gas effect on the angular distribution of the ion current density for case 1. These calculations were performed by the PIC-MCC method. The effect of the ambient gas on CEX ion backflow (the angle from the centerline is more than 50 deg) is rather significant (the difference reaches more than an order of magnitude). The reason is that the density of propellant neutrals at the thruster exit plane and the ambient gas density have close values; however, the density of propellant neutrals dramatically decreases with distance from the exit plane, whereas the ambient gas density is constant.
Therefore, a correct prediction of CEX ion backflow at conditions of space flight requires a computational study of the thruster plume flow without the ambient gas. Simulation of the ion backflow by the PIC-DSMC method involves large computer resources than the PIC-MCC method even in the absence of the ambient gas. To clarify the applicability of the PIC-MCC method in the case where the CEX ion backflow is formed only due to the collisions of fast ions with propellant neutrals, it is necessary to analyze the influence of these collisions on neutrals of the SPT thruster plume.
First consider a detailed comparison of the PIC-MCC and PIC-DSMC methods for case 1. The fields of the number density of neutrals obtained with the help of these methods are plotted in Fig. 2 . It is clearly seen that the PIC-MCC method predicts a somewhat higher value of density than PIC-DSMC within the entire flow field. The reason is that taking into account ion-neutral collisions in PIC-DSMC leads to a significantly greater value of the neutral velocity, which leads to a lower density for a fixed total flow rate of the propellant. Figure 2 also shows the fields of the axial component of the neutral velocity. In the region adjacent to the axis, at a distance of 0.2-0.5 m from the thruster, the mean axial velocity obtained by the PIC-MCC method lies within 490-550 m/s. The PIC-DSMC calculation shows that the axial velocity of neutrals in this region is greater than 1000 m/s and increases to 2000 m/s downstream. At the same time, the isolines of the axial component of velocity almost coincide far from the axis (see Fig. 2 ). This is explained by the fact that fast (CEX) neutrals are almost absent there. They are mainly formed in the region adjacent to the thruster exit and move in the same direction as fast ions, i.e., mainly along the axis. Thus, the influence of ion-neutral collisions leads to an increase in the axial component of neutral velocity and, hence, to a lower density as compared to the result obtained using the PIC-MCC method with ignored effect of ions on neutrals. Figure 3 shows the fields of the ion current density and electron number density. Because of the quasineutrality of the plasma, the latter is equal to HI + n^, where HI and n^ are the number densities of singly and doubly charged ions, almost within the entire flow region except for a thin sheath near the thruster walls. In the plume core, the results obtained by the PIC-MCC and PIC-DSMC methods coincide. Some difference is observed in the backflow region, which is manifested in a greater value of both the ion current density and the electron density predicted by the PIC-MCC method. This difference can be estimated qualitatively by the angular distribution of these quantities shown in Fig. 4 . A noticeable difference between the results predicted by the two methods is observed within the range of angles from 40 to 80 degrees. The difference in the electron density is slightly greater than in the ion current density and reaches the maximum value (25 %) for 50 deg. Y, m The effect of the ion temperature on the angular distribution of the ion current density and electron number density is illustrated in Fig. 5 . A significant decrease in the ion temperature in the radial and circumferential directions affects the flow only near the centerline. The magnitude of the current and number density increases more than a factor of 2 as compared to the values for case 1. Note that the difference between PIC-MCC and PIC-DSMC predictions for case 3 is also within 25%, which is significantly smaller than the ion temperature effect. A decrease in the double ion fraction and ion velocity at the thruster exit leads to a somewhat greater divergence of the central part of the plume and to a small decrease in the current and density values on the centerline (see the curves for case 4 in Fig. 5 ) angle leads to a decrease in the current and density in the backflow region. For angles greater than 90 deg, the values for case 4 are greater than those for case 5 by more than a factor of 2.
The results presented demonstrate that the difference between the values of the ion current density and electron density obtained by the PIC-MCC and PIC-DSMC methods does not exceed 30%, which is considerably smaller than the effect of the thruster exit conditions (especially, the divergence angle).
CONCLUSIONS
Two codes based on two methods (PIC-MCC and PIC-DSMC) for the modeling of the SPT-100 thruster plume have been developed. The main difference between these methods is that the PIC-DSMC method takes into account the influence of ion-neutral collisions on neutrals. The analysis shows that the greatest difference in results obtained by both methods is observed in the neutral velocity near the centerline. At the same time, the difference in the ion current density and electron number density is less than 25%.
The boundary conditions at the thruster exit plane are not well-defined for the SPT-100. A series of computations with different thruster exit conditions was performed to reveal the effect of these conditions . The effect of the electron temperature on the plume flow is significant in the central part of the plume . The change in the electron temperature from 3 eV to 1 eV decreases the divergence of the plume core from 50 to 40 deg. The values of the ion current density in the backflow region differ by less than 25%, and the value of the electron density obtained using T e = 1 eV is almost two times smaller. A decrease in the temperature of propellant ions in the radial and circumferential directions leads to an increase in the electron density and ion current density in the region adjacent to the thruster centerline by more than a factor of 2 and does not exert a significant effect on the backflow. A decrease in the double ion fraction and ion velocity at the thruster exit leads to a moderate divergence of the core plume and has practically no effect on the backflow. The divergence angle exerts the greatest effect on the plume structure as a whole, including a more than twofold increase in the ion backflow current.
The analysis shows that the influence of uncertainties in flow parameters at the SPT-100 thruster exit is much greater than the difference in results obtained by the PIC-MCC and PIC-DSMC methods. Thus, with current uncertainties in formulation of the boundary conditions, the use of a simpler and more economical (from the computational viewpoint) PIC-MCC method in the axisymmetric case yields results with an identical accuracy as the PIC-DSMC method.
